Adeno-associated virus (AAV), a common genital virus, may have a "protective" role against human papillomavirus (HPV)-associated cervical cancer. Epidemiological studies indicate a negative correlation between AAV infection and the incidence of cervical cancer. In contrast, HPV is positively associated with cervical cancer. To investigate interactions between these two viruses we used the organotypic "raft" culture system. The raft culture system is capable of supporting the complete HPV life cycle. Raft tissues that were actively replicating HPV were superinfected with AAV type 2 (AAV-2). We observed a multiplicity of infection (m.o.i.)-dependent enhancement and inhibition of HPV DNA replication, concomitant with AAV-2 replication. The data suggest that at low m.o.i. of AAV-2 infection, HPV DNA replication was slightly increased compared to controls and AAV-2 replicated poorly. At high AAV-2 m.o.i., HPV DNA replication was reduced and AAV-2 replicated to high levels. AAV-2 replication was increased in the presence of HPV compared to primary human keratinocyte, squamous cell carcinoma, and HaCat raft cultures infected with AAV-2 alone. These data suggest that HPV may provide types of "enhancer/helper" functions for AAV-2 replication and progeny formation. Infection with AAV-2 had significant effects on epithelial morphology. During infection with low m.o.i. of AAV-2 the epithelium stratified to a greater extent than in controls. With high m.o.i. of AAV-2 infections, tissue cytopathic effects were observed, indicating an additional factor responsible for the effect of AAV-2 on HPV replication and infection. Our results demonstrate a complex interaction between AAV-2, HPV, and skin during dual infection.
INTRODUCTION
Epidemiological and laboratory studies suggest that adeno-associated virus (AAV) may have an inhibitory effect against the development of human papillomavirus (HPV)-associated cervical cancer (Coker et al., 2001; Georg-Fries et al., 1984; Hermonat, 1989 Hermonat, , 1992 Hermonat, , 1994 Mayor et al., 1976; Schmitt et al., 1989) . HPV is positively associated with over 90% of all cervical cancers examined and is considered the most important risk factor (DiMaio, 1991; Pfister, 1990; Syrjanen et al., 1987; Werness et al., 1991; zur Hausen, 1991) . HPVs induce neoplastic epithelial lesions in vertebrate animals, including humans (Broker and Botchan, 1986; zur Hausen and Schneider, 1987) . Subsets of HPVs have been identified which are associated with malignant neoplasias of the anogenital region, particularly the cervix (Boshart et al., 1984; de Villiers, 1989; Durst et al., 1983; Parkin et al., 1993; Pfister, 1987) . AAV is a highly prevalent genital virus (Han et al., 1996; Tobiasch et al., 1994) . However, in contrast to HPV, AAV has been traditionally described as a nonpathogenic, helper-dependent parvovirus, which replicates and produces progeny virus only in the presence of another virus, such as adenovirus (Casto et al., 1967) , herpes simplex virus (Buller et al., 1981) , and pox virus (Schlehofer et al., 1986) . AAV receives "helper functions" from the helper virus, thus allowing AAV replication and in return AAV inhibits the DNA replication (BantelSchaal and zur Hausen, 1987; Carter et al., 1979) and oncogenicity (Blacklow et al., 1978; Cukor et al., 1975; de la Maza and Carter, 1981; Ostrove et al., 1981) of the helper virus.
Epidemiological studies indicate a significant negative association between AAV infections and cervical cancer. A study conducted by Mayor et al. demonstrated that while 85% of normal controls were seropositive for AAV types 2/3, only 14% of patients with genital cancer were positive (Mayor et al., 1976) . A second study by GeorgeFries et al. found that control patients had threefold higher antibody titers against AAV type 5 than patients with cervical cancer (George-Fries et al., 1984) . Elevated antibody titers are indicative of viral challenge and therefore suggest the idea that AAV infections may provide natural protection against HPV-associated malignant progression. A recent study in which the association of AAV with CINIII and HPV was analyzed by polymerase chain reaction amplification also supports this conclusion (Coker et al., 2001) . These studies have led us to hypothesize that AAV's negative association with cervical cancer may be due to its ability to inhibit HPV replication and oncogenic potential (Hermonat, 1989) .
A series of studies consistent with this hypothesis, that AAV may have a negative effect on papillomavirus replication and oncogenicity, has been published (Hermonat, 1989 (Hermonat, , 1992 . These studies utilized the bovine papillomavirus (BPV) as a prototype papillomavirus. When AAV and BPV genomic DNAs were cotransfected into contact-inhibited C127 cells, BPV-induced oncogenic transformation was inhibited by almost 99% (Hermonat, 1989) . Genetic studies showed that the AAV Rep78 protein was responsible for this inhibition via the BPV p89 promoter. It was also observed that the AAV Rep78 protein was able to limit BPV-1 DNA replication (Hermonat, 1992) . Finally, AAV could also strongly inhibit HPV16-induced oncogenic transformation (Hermonat, 1994) . The AAV Rep78 protein was responsible for AAV's inhibition of HPV16 at least in part by inhibiting activity of the p97 promoter of HPV16 (Hermonat et al., 1997b) and direct binding to sequences of this promoter (Zhan et al., 1999) .
The studies examining the effect of AAV on BPV and HPV were performed in monolayer cell culture systems, usually in mouse fibroblasts, which are incomplete for the productive papillomavirus life cycle. In order to better understand the interaction between HPV and AAV, a cell culture system which is productive for both viruses is necessary. We have previously reported the utility of the organotypic "raft" culture system to support independently the complete differentiation-specific replication cycle of HPV (Meyers et al., 1992 and AAV (Meyers et al., 2000) . This type of a culture system provides a unique and relevant tool with which to investigate the interaction of HPV and AAV and further analyze the relationship between these two anogenital viruses. We demonstrate that AAV infection can both positively and negatively affect HPV replication in a m.o.i.-dependent manner. In contrast, AAV replication increases in a m.o.i.-dependent manner. AAV replicates and produces infectious progeny virions in the presence of HPV, demonstrating that HPV provides necessary helper/enhancer functions. Additionally, AAV infection stimulates tissue stratification at low m.o.i., inducing extreme cytopathic effects at high m.o.i.
RESULTS

AAV-2 infection and HPV replication
We investigated AAV-2 and HPV31b co-infections in raft culture tissue which duplicates normal epithelial growth and differentiation. The CIN-612 9E is a biopsyderived cell line from a low-grade cervical neoplastic lesion which maintains episomal copies of HPV31b (Bedell et al., 1991) . When grown in raft cultures the CIN-612 9E cell line duplicates the complete HPV life cycle, including production of infectious viral particles (Meyers et al., 1992) . Infection of CIN-612 9E raft cultures with AAV-2 using a m.o.i. of 0.1, 1, 5, 50, or 100 affected the replication of HPV DNA in an m.o.i.-dependent manner (Fig. 1) . AAV m.o.i. of 0.1 and 1 modestly increased the HPV copy number compared to mock-infected raft tissue (Fig. 1A , compare lanes 2, 4, and 6, and Fig. 1B ). In contrast, using an AAV m.o.i. of 5 the HPV31b copy number was similar to mock-infected tissue (Fig. 1A, lane 8, and Fig. 1B) . AAV-2 DNA replication and virion production AAV is described as a helper-dependent parvovirus which utilizes helper functions from other viruses which support AAV DNA replication and progeny virus formation. In turn, AAV inhibits replication of its helper virus. However, we now know that AAV has a basal level of autonomous replication in a skin model (Meyers et al., 2000) . AAV-2 has a 4.7-kb single-stranded genome that encodes three capsid proteins and four regulatory proteins (Rep). During a productive infection the incoming AAV single-stranded DNA is converted into a doublestranded monomeric duplex of 4.7 kb referred to as a "replicative intermediate" (for review, see Ferrari et al., 1996; Fisher et al., 1996) . This replicative intermediate is indicative of active AAV genome replication. We were interested in determining if HPV could provide enhancer/ helper virus functions for AAV-2 replication. Five micrograms of Hirt DNA, taken from CIN-612 9E rafts infected with different m.o.i. of AAV, was used for Southern blot analysis using an AAV-2-specific probe. The AAV-2 replicative monomer duplex of 4.7 kb was easily detectable only at 100 m.o.i. of AAV infection (Fig. 2, lane 6) . At longer exposures this monomer duplex was evident at the lower m.o.i. used (data not shown). To more readily detect low levels of progeny AAV-2 virion synthesis in the raft tissues at the low m.o.i. of AAV, we utilized the second-plate amplification method (Fig. 3) . Putative AAV-2 stocks generated from AAV-2-infected raft tissues were added to a second plate of adenovirus-preinfected 293 cells. Hirt DNA was isolated from the plates at 36 h postinfection, Southern blotted, and detected with an AAV-2-specific probe. AAV-2 DNA replication and virion synthesis were amplified severalfold and were easily detectable at all initial AAV m.o.i. of 1 and above used to infect CIN-612 9E raft tissues (compare Figs. 2 and 3 ). Upon prolonged exposure AAV DNA was also detected at AAV m.o.i. of 0.1 (data not shown). Therefore, the progeny AAV-2 virions isolated from the raft cultures are not defective in their ability to infect the 293 monolayer cells. These results also rule out the possibility that AAV-2 DNA replication occurred in the absence of infectious particle production. The increase in AAV-2 DNA synthesis and infectivity in the second-plate amplification ( Fig. 3) is consistent with the idea that AAV-2 is not latent but replicates even at the low m.o.i.
Interestingly, on one hand, our results show that HPV replication is enhanced at low AAV m.o.i. (Fig. 1 ), accompanied by AAV replication (Fig. 3) . On the other hand, at high AAV m.o.i. HPV31b replication is greatly inhibited, concurrent with high levels of infectious AAV-2 replication and synthesis (Figs. 1 and 3). These results demonstrate that at low to medium AAV m.o.i., coexistence of both viruses is possible, but inhibition of HPV by AAV-2 is observed at high m.o.i. These results are consistent with the idea that HPV31b can provide enhancer/helper func-
Second-plate amplification of AAV-2. AAV-2-infected CIN-612 9E epithelial cells were harvested on day 12, freeze-thawed in medium several times as described, and used as a source of putative AAV-2 viral stock. AAV-2 viral stocks were used to infect 293 cells preinfected with adenovirus. The 293 cells were harvested at 36 h and used for total DNA extraction and Southern blot analysis using probes specific for AAV-2 DNA. The 4.7-kb replicative monomer intermediate is indicated. The 9.4-kb band is the replicative form dimer. Single-stranded (ss) DNA is indicated.
FIG. 2.
HPV31b is able to serve as a complete helper for AAV progeny production in raft cultures. Southern blot hybridization of DNA isolated from AAV-2-infected CIN-612 9E rafts grown in the presence of the PKC activator C8. 5 g of Hirt DNA from raft cultures treated with AAV as in Fig. 1 was electrophoresed in a 0.8% agarose gel, transferred to membrane, and probed with AAV-2-specific DNA probes. The replicative monomer intermediate of 4.7-kb duplex and the single-stranded (ss) DNA of AAV-2 are indicated.
tions for AAV-2 replication resulting in the synthesis of infectious AAV-2 virion particles.
HPV provides enhancer functions for AAV-2 replication and virion production
Our results suggest a bidirectional interaction between HPV31b and AAV-2. We have previously demonstrated that AAV-2 is capable of autonomous replication and virion production in fully differentiated primary HFK raft cultures (Meyers et al., 2000) . We therefore wanted to determine if the helper functions are due to HPV replication or are due to differentiation of the epithelium. Primary HFK and CIN-612 9E raft tissues were prepared using 10 6 cells per raft culture. In this case a higher number of cells were used because HFK raft cultures grow poorly at lower densities. The primary HFK cells were devoid of HPV or any other known helper virus, as previously demonstrated (Meyers et al., 2000) . Both types of raft cultures were infected with increasing AAV m.o.i. as described. On day 12, raft tissues were harvested and used for the extraction of Hirt DNA and used to perform Southern blot analysis with an AAV-2-specific probe (Fig.  4) . AAV-2 replication was augmented or enhanced in the presence of HPV31b to a greater extent than when HFK raft cultures were infected with AAV-2 alone (Fig. 4) . The progeny AAV-2 virions from the HFK rafts are infectious and correlate with the AAV-2 genome replication (Meyers et al., 2000) . Our results strongly suggest that HPV31b can enhance AAV-2 replication and virion production by providing a set of helper functions.
We further wanted to demonstrate that the results from the second-plate amplification experiment (Fig. 3) , which is indicative of infectious AAV-2 synthesis, were not an artifact due to carryover of AAV-2 particles used to infect the CIN612-9E raft cultures. Therefore, we performed identical experiments in which HaCat and SCC raft cultures were infected with AAV-2. It has been previously demonstrated that monolayer cultures of HaCat cells do not support AAV replication (Klein-Bauernschmitt et al., 1992) . HaCat (Schoop et al., 1999) and SCC (McCance et al., 1988) cells have demonstrated different levels of differentiation capabilities in raft cultures. Both HaCat and SCC raft cultures were shown to weakly support AAV-2 replication (Fig. 4 ) as evidenced by the small level of the 4.7-kb replicative monomer which was detectable after prolonged exposures (data not shown). We performed second-plate amplification of putative AAV stocks from HaCat and SCC raft cultures. In the second-plate amplification experiments both HaCat and SCC raft cultures also showed lower levels of AAV replication compared to HFK raft cultures (data not shown), which is therefore consistent with the results in Fig. 4 . The differences between the CIN-612 9E, the HFK, the HaCat, and the SCC raft cultures in supporting AAV-2 replication and infectious particle production negate the idea that the AAV-2 replication observed in the second-plate amplifi- cation experiments is an artifact due to carryover of AAV-2 particles. Additionally, AAV-2 particles do not survive for prolonged periods in culture. Finally, we have performed control experiments in which monolayer CIN-612 9E cells were trypsinized after AAV-2 infection before use in raft cultures. Trypsin-pretreated raft cultures were able to support the dual replication of both HPV and AAV (data not shown). This trypsinization should effectively eliminate any chance of significant surviving external AAV virus.
We also compared the ability of CIN-612 9E monolayer cultures to support AAV-2 replication to that of AAV-2-infected CIN-612 9E raft cultures. AAV-2 replication occurred in monolayer cultures but was greatly lower compared to that in all the raft cultures tested (Fig. 4) . The 4.7-kb replicative intermediate was visible upon overexposure. The ability of monolayer cell cultures to support AAV replication has been recently reported (Ogston et al., 2000) , although it is notable that m.o.i. of between 2 ϫ 10 3 and 5 ϫ 10 3 were required to observe AAV replication.
Effect of AAV infection on tissue morphology
Raft tissue morphology was used to analyze the impact of AAV/HPV interaction. CIN-612 9E raft cultures infected with AAV-2 using m.o.i. of 0.1, 1, 5, 50, and 100 were harvested on day 12. Raft tissues were formalin fixed, paraffin embedded, thin sectioned, and H&E stained for histologic analysis. Multiple random sections from three or four rafts were examined and showed that epithelia infected with 0.1 and 1 m.o.i. of AAV demonstrated thickening in contrast to mock-treated raft tissues (HPV31b alone) (compare Figs. 5A , 5B, and 5C). At m.o.i. of 5 AAV (Fig. 5D ) the epithelium showed a dramatic reduction in thickness comparable to that of the 0.1-and 1-m.o.i.-infected tissues. At m.o.i. of 5 AAV the level of growth and tissue stratification was intermediate to that between the lower and the higher m.o.i. used and probably indicates the lytic activity of AAV (Fig. 5D) . At m.o.i. of 50 and 100 the ordered stratification of the epithelium was destroyed and the epithelium showed the hallmarks of tissue cytopathic effects (Figs. 5E and 5F ). The cytopathic effects apparent at m.o.i. of 50 and 100 AAV infection (Figs. 5E and 5F) readily correlate with high levels of AAV-2 replication in the raft tissues (Figs. 2  and 3 ).
Western immunoblot analysis
AAV has been shown to enhance the expression of differentiation markers such as keratin-10 and involucrin in monolayer cell cultures (Klein-Bauernschmitt et al., 1992) . The ability to drive cell-cycle processes toward greater terminal differentiation is thought to be one of the mechanisms by which AAV exerts its oncosuppressive properties (Bantel-Schaal, 1995) . On the other hand, HPV replication and infectious virion production are greatly dependent on cellular differentiation. Concurrently, AAV helper-independent replication is differentiation dependent (Fig. 4 and Meyers et al., 2000) . We wanted to determine whether the increase in HPV replication (Fig.  1) and increased tissue thickening (Figs. 5B and 5C) at low m.o.i. of AAV infection correlated with an increase in the expression of differentiation markers. Total protein extracts from CIN-612 9E raft tissues were used for performing Western immunoblot analysis using antibodies against involucrin, keratin-14, keratin-10, and filag- grin. All proteins are markers of epithelial differentiation (for review see Chow and Broker, 1997) . Additionally, keratin-10, keratin-14, and filaggrin expressions were lower at AAV m.o.i. of 0.1 compared to control and progressively decreased with increasing AAV m.o.i. (Fig. 6) . In comparison, involucrin expression remained constant regardless of the m.o.i. of AAV infection (Fig. 6 ). Therefore, in general, the results of the Western immunoblot analysis (Fig. 6) show a decrease, rather than an increase, in the expression of differentiation markers with increasing m.o.i. of AAV infection. Taken together with the Southern blot analysis (Fig. 1) , these data suggest that the modest increase in HPV replication at low AAV m.o.i. of infection (Fig. 1) was not an indirect result of accelerated tissue differentiation but most probably was due to a direct effect of AAV proteins on HPV replication.
DISCUSSION
AAV and HPV are both genital viruses (Boshart et al., 1984; Tobiasch et al., 1994) , AAV being nonpathogenic (Georg-Fries et al., 1984; Mayor et al., 1976) and HPV being associated with human cervical cancer (DiMaio, 1991; Pfister, 1990; Syrjanen et al., 1897; Werness et al., 1991; zur Hausen, 1991) . Epidemiological studies indicate that AAV infection is negatively associated with high-grade lesions and cervical cancer (Coker et al., 2001; Georg-Fries et al., 1984; Mayor et al., 1976) . To determine how AAV may elicit its "protective" effect on the early stages of HPV infection and associated cancer we investigated the effect of AAV-2 superinfection on HPV replication. Using the organotypic raft culture system we demonstrated that AAV-2 has multiple apparent effects on HPV replication depending on the m.o.i. of AAV-2 used. At infection levels at which AAV-2 replication is low, HPV replication is stimulated. Therefore under these conditions, coexistence of both viruses is possible. However, at high m.o.i., at which AAV-2 replicates to high levels, HPV replication is simultaneously inhibited. The ability of AAV-2 to inhibit HPV31b replication is significant because it supports the negative correlation with HPVinduced cervical cancer in the presence of AAV. We hypothesize that the negative effect of AAV-2 on HPV replication is consistent with the correlation between AAV seropositivity and cervical cancer.
The positive effect on HPV31 replication at low m.o.i. of AAV-2 infection may be due to an unknown mechanism whereby low levels of AAV Rep proteins expressed may enhance HPV31b DNA replication. On the other hand, at high m.o.i. of AAV-2 infection, abundant Rep protein expression may be predicted to have the inhibitory effect on HPV31 replication. We also cannot rule out the possibility that the inhibition of HPV31 replication is due to the cytopathic effects caused by the lytic nature of AAV-2. CIN-612 9E raft cultures infected with herpes simplex virus types 1 and 2 give rise to similar cytopathic effects but do not inhibit HPV31 replication (Andreansky and Meyers, unpublished observations). Rep78 has the dual ability to both positively and negatively autoregulate expression from its own promoters (Labow et al., 1986) . The AAV-encoded Rep78 protein has been shown to inhibit the oncogenic transformation of both BPV (Hermonat, 1989) and HPV16 (Hermonat et al., 1997b; Zhan et al., 1999) via interaction with specific promoters. Rep78, Rep68, and Rep52 proteins can also down regulate gene expression from heterologous promoters, which do not contain Rep binding motifs (Rittner et al., 1992; Batchu and Hermonat, 1995; Kokorina et al., 1998) . It is not known how the Rep proteins act as repressors on heterologous promoters. However, binding to Sp1 and to components of the basal transcription machinery or accessory factors (Horer et al., 1995) may play a role. Rep78 has been shown to disrupt binding of TBP to the HPV16 p97 promoter, suggesting an indirect effect of Rep78 on HPV promoter expression (Su et al., 2000) . Recent yeast two-hybrid screens and in vitro studies suggest that Rep78 may interfere with normal cyclic AMP response pathways in AAV-infected cells (Chiorini et al., 1998; di Pasquale and Stacey, 1998) . Two-hybrid studies have implicated that the Rep78 C-terminal domain binds to PRKX, a homolog of the protein kinase A (PKA) catalytic subunit (Chiorini et al., 1998; di Pasquale and Stacey, 1998) , which was shown to undergo autophosphorylation and demonstrated kinase activity toward a PKA oligopeptide target (di Pasquale and Stacey, 1998). Binding to Rep78 inhib- ited autophosphorylation and kinase activity of PRKX. PRKX also mediated CREB-dependent transcription, which was suppressed by Rep78 but not Rep68 (di Pasquale and Stacey, 1998). We have found that the presence or absence of protein kinase C activators greatly affects the ability of AAV to inhibit HPV replication (Alam and Meyers, unpublished observations). We hypothesize that the complex interaction of HPV31b and AAV may affect the normal balance of kinase-activated cell signaling pathways and subsequent virion production by both HPV31b and AAV-2.
AAV has been classified as a typical Dependo-virus which is unable to replicate in the absence of other viruses which can provide helper functions. AAV obtains helper functions from another virus and in turn inhibits helper virus replication. In this study the interaction observed between HPV and AAV is reminiscent of similar interactions observed between AAV and adenovirus (Casto et al., 1967) , poxvirus (Schlehofer et al., 1986) , and herpesvirus (Buller et al., 1981) . More recently, however, we have determined that AAV is also capable of undergoing autonomous replication in the primary raft cultures and therefore is not a strict helper-dependent virus (Meyers et al., 2000) . In the current study, AAV-2 replicated to high titers in the presence of HPV31b, which presumably provides "enhancer" functions. Thus, AAV has the dual ability to undergo enhanced replication and autonomous replication.
To categorize HPV31b as a true enhancer virus it was necessary to compare the magnitude of AAV replication in the presence and absence of HPV31b. Previous to this study, Walz et al. (1997) has reported that HPV16-positive cells can support AAV replication. In our study, HPV greatly enhances the replication of AAV compared to experiments in which AAV infections were performed on primary HFK raft cultures in the absence of any other virus (Meyers et al., 2000) as well as HaCat and SCC raft cultures. Therefore, the CIN-612 9E raft cultures are capable of supporting the complete life-cycle of both HPV31b and AAV-2, with HPV31b providing enhancer functions for AAV-2 replication. However, as in autonomous AAV replication in differentiating rafts composed of normal keratinocytes, AAV replication in HPV31b-containing rafts is still dependent upon cellular differentiation.
The AAV-HPV interaction causes dramatic alteration in skin tissue morphology. At low m.o.i. of AAV tissue stratification is pronounced compared to control, with extreme cytopathic effects produced at high m.o.i. of AAV-2. We observed a host of effects ranging from pronounced stratification, lysis, and cytopathic effects dependent on the AAV m.o.i. used. Previously reported studies suggest that AAV has the potential to positively affect the differentiation program of cells (Klein-Bauernschmitt et al., 1992) . This fact could be used to explain the increased stratification of tissues observed at low AAV-2 m.o.i. Our Western immunoblot results clearly show that keratin-10, keratin-14, and filaggrin expression decreases significantly at the lowest m.o.i. of 0.1 AAV, whereas involucrin expression was unaffected. However, it should be pointed out that the Klein-Bauernschmitt results were derived from cells grown as a submerged monolayer and not derived from a raft culture system. We believe that it is most likely that the cytopathic effect seen is a result of the cells infected with AAV stratifying in the raft culture and then lysing after stratification and differentiation are almost complete.
AAV is a ubiquitous anogenital virus and is believed to be devoid of any cytopathology. We observed that at low AAV-2 m.o.i. HPV replication is increased compared to controls. From this finding it could be speculated that HPV-infected patients who are also infected with AAV may actually carry a higher than average HPV load. At high AAV-2 m.o.i. HPV replication is significantly decreased but at the same time is associated with significant tissue cytopathology.
Our results in the current study strongly support the early epidemiological data (Georg-Fries et al., 1984; Mayor et al., 1976) and the more recent study by Coker et al. (2001) which suggested that seropositivity for AAV is negatively correlated with HPV-associated cervical cancer. We demonstrated that at high AAV m.o.i., HPV replication is significantly decreased and is concurrent with high levels of AAV replication and virion production. Our results are significant given that both AAV and HPV are anogenital viruses and appear to coexist under normal physiological conditions. Cervical biopsies have previously been shown to contain colocalized HPV16 and AAV2 DNA (Walz et al., 1997) . In fact, AAV type 5 was initially isolated from a low-grade penile condylomatous lesion (Georg-Fries et al., 1984) . Our results emphasize the effect of AAV on HPV replication and keratinocyte differentiation in the early stages of HPV infection and tumorigenesis. However, the effect of AAV on later stages of invasive carcinoma has yet to be determined.
MATERIALS AND METHODS
Organotypic epithelial raft cultures and AAV viral infections
The CIN-612 cell line was established from a cervical intraepithelial neoplasia (CIN) type I biopsy and contains HPV31b DNA (Bedell et al., 1991) . The CIN-612 9E clonal derivative maintains episomal copies of HPV31b genome at approximately 50 copies per cell (Bedell et al., 1991) . Human foreskin keratinocytes (HFKs) were purchased from Clonetics (Walkersville, MD). CIN-612 9E cells were maintained in monolayer culture with E medium containing 5% fetal bovine serum in the presence of mitomycin C-treated J2 3T3 feeder cells (McCance et al., 1988; Meyers, 1996) . HFKs were maintained in monolayer cultures without feeder cells, with KGM-2 medium (Clonet-ics). After lifting to the air-liquid interface, HFK raft cultures were maintained in E medium. The SCC (HPV-negative squamous cell carcinoma) and HaCat (spontaneously immortalized) cell lines were maintained in monolayer cultures with E medium. Organotypic raft cultures were generated as has been previously described (Meyers et al., 1992 with the following differences. CIN-612 9E raft cultures were made by seeding 2 ϫ 10 5 cells on top of the collagen matrices. The next day medium was removed. AAV-2 viral stocks were serially diluted in E medium and placed on top of CIN-612 9E cells. AAV-2 multiplicities of infection of 0.1, 1, 5, 50, and 100 were used to infect the raft cultures. Plates were rocked every 15 min for 2 h. Medium was replaced onto the rafts and incubated overnight. Starting the next day, raft cultures were lifted to the air-liquid interface and fed every other day with E medium plus 10 M 1,2-dioctanoyl-sn-glycerol (C8:0) (Sigma Chemical Co., St. Louis, MO), a PKC inducer, for a total of 12 days. These conditions have been shown to be optimal for HPV replication and production of infectious progeny (Meyers et al., 1992; Meyers, 1996, 1997; 1998a) . On day 12 the CIN-612 9E raft cultures were harvested by removing the epithelial layer and stored at Ϫ70°C.
Nucleic acid extraction and Southern blotting
AAV-2 and HPV31b viral replication in raft cultures was measured by Southern blot analysis. Total cellular DNA in raft tissue was extracted as previously described (Ozbun and Meyers, 1998b) . Five micrograms of total cellular DNA was digested with XbaI, which linearizes the HPV31b genome at nucleotide 4998, and separated by 0.8% agarose gel electrophoresis followed by transferring to GeneScreen Plus membranes (New England Nuclear Research Products, Boston, MA), as previously reported (Ozbun and Meyers, 1998b) . A 32 P-labeled total HPV31b genomic DNA probe was generated by random primer extension as described (Ozbun and Meyers, 1998b) . For detecting AAV-2 DNA, 5 g of Hirt DNA was isolated as previously described (Hermonat et al., 1997a (Hermonat et al., , 1984 and was similarly electrophoresed on a 0.8% agarose gel, followed by transferring to membrane as described for HPV31b. Samples were probed with 32 P-labeled total AAV-2 genomic DNA probe generated by random primer extension using plasmid pSSV9 linearized with PvuII.
Second plate amplification
On day 12 raft tissues were harvested and minced, 1 ml of medium was added, and the cells were freezethawed three times to generate a putative AAV-2 virus stock. Equal aliquots from each of the different m.o.i. AAV-2-infected and mock-infected rafts were DNase treated and transferred onto a second plate of 293 cells preincubated with adenovirus. Hirt DNA was isolated at 36 h postinfection as previously described (Hermonat et al., 1997a (Hermonat et al., , 1984 . Five micrograms of Hirt DNA was agarose gel electrophoresed, Southern blotted, and probed for AAV-2 sequences.
Histochemical analysis
Raft cultures were grown for 12 days, harvested, fixed in 10% buffered formalin, and embedded in paraffin and 4-m cross sections were prepared. Sections were stained with hematoxylin and eosin as previously described (Meyers et al., 1992) .
Western immunoblot analysis
Total protein extracts were prepared as described previously (Sil et al., 2000) but modified to manipulate raft culture tissues. Individual raft tissue samples were homogenized in 350 l Buffer A (50 mM NaPO 4 , pH 7.2, 5 mM EDTA, 50 mM NaF, 0.5 g/ml leupeptin, 0.5 g/ml pepstatin, 20 g/ml aprotinin, 0.2 mM Na 3 VO 4 , 1 mM DTT, 1 mM PMSF) with 10 strokes using a glass homogenizer. Samples were transferred into a 1.5-ml microfuge tube. Four hundred micrograms of ice-cold acid washed glass beads (0.45 mm) was added to the samples. Tubes were placed into a multitube holder and vortexed for 30 s. Samples were then chilled on ice for 30 s. This procedure was repeated a total of six times. The microfuge tubes were placed on the rims of 13 ϫ 100-mm precooled disposable glass tubes. An 18-gauge needle was used to puncture holes through the lid and bottom of the microfuge tube. The piggy-back microfuge tube and glass tube combination was centrifuged to attain a speed of 2000 rpm and then stopped. The microfuge tube was discarded. Three hundred fifty microliters of Buffer A supplemented with 2% (w/v) SDS was added to the eluted tissue lysate sample in the glass tubes and then boiled in a water bath for 8 min. While boiling, the samples were vortexed intermittently every 2 min. Samples were transferred into a 1.5-ml microfuge tube and centrifuged for 20 min at room temperature. Five hundred microliters of the sample was removed and added to 250 l 5ϫ sample loading buffer (final concentration 100 mM Tris, pH 8.0, 5 mM EDTA, 10% (w/v) sucrose, 2% (w/v) SDS, 33 mM DTT, and 0.1 mg/ml Pyronin Y). Total protein concentrations were measured using the Peterson protein assay (Lowry method) as previously described (Sil et al., 2000) .
The total protein extracts were used for detecting the levels of involucrin (30 g), keratin-14 (60 g), keratin-10 (10 g), and filaggrin (60 g) expression in the raft cultures. Total protein extracts were applied to a sodium dodecyl sulfate-8.0% polyacrylamide gel (acrylamide/bisacrylamide ratio, 30/0.8). Proteins were transferred to nitrocellulose membrane, and the membrane was incubated with keratin-10-specific monoclonal antiserum (1:1000 dilution) (BioGenix), keratin-14-specific monoclonal antiserum (1:2000 dilu-tion) (Sigma), involucrin monoclonal antiserum (1:1000 dilution) (Sigma), and filaggrin-specific monoclonal antibody (1:200) (BioMedical Technologies, Inc.), overnight. After being washed, the blots were incubated with anti-mouse horseradish peroxidase-linked secondary antibody (Amersham Life Science) as per the manufacturer's instructions. The proteins were detected by using a chemiluminescence reagent (Amersham Life Science) as per the manufacturer's instructions.
